The effect of growth temperature on the virulence of a strain of broth-grown serogroup 1 Legionella pneumophila (Wadsworth F889) was examined by growing the bacterium at different temperatures and then infecting guinea pigs (by intratracheal injection) and guinea pig alveolar macrophages. The 50% lethal dose for guinea pigs infected with 25°C-grown F889 was log1o 5.0 CFU and that for 41°C-grown F889 was loglo 5.7 CFU, or a fivefold difference. Guinea pig alveolar macrophages were infected in quadruplicate with loglo 3.8 CFU of F889 cells grown at either 25 or 41°C. Counts of F889 in the alveolar macrophages infected with 25°C-grown bacteria were 40% greater after 1 day of incubation (P = 2 x I04) than were counts in the alveolar macrophage suspensions inoculated with 41C-grown bacteria. However, the counts were not significantly different after 3 days of incubation. Examination of cover slip cultures of guinea pig alveolar macrophages infected with 250C-grown or 41°C-grown bacteria showed that the bacteria grown at the lower temperature were twice as likely to be macrophage-associated after 1 h of incubation than were the bacteria grown at the higher temperature. Growth at the lower temperature was also associated with a change in reactivity with monoclonal Antibodies, but not with a change in plasmid content. Thus, environmental temperature may play an importanlt role in modulating the virulence of L. pneumophila, possibly by affecting bacterial adherence to host cells.
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Legionella pneummophila is ubiquitous in our aqueous
environment, yet rarely causes disease, even when present in high numbers in potable water systems (5, 11, 15, 25) . While host factors, organism concentratioh in water and air, and mechanical factors responsible for aerosol generation are all probably important pathogenic factors, organism virulence is also an extremely important factor. Monoclonal subtype has been shown to relate to organism virulence (2, 21; E. Dournon and P. Rajagopalan, Abstr. Annu. Meet. Am. Soc. Microbiol. 1987, B279, p. 71), as has resistance to killing by serum and phagocytes (14, 17, 20) . However, it is unclear whether there are naturally occurring intrinsically different populations of bacteria with varying degrees of virulence or whether some extrinsic factor(s) causes virulence shifts within the natural reservoir of the microorganism. This study was designed to determine whether the virulence of a single bacterial strain of L. pneiumophila could be influenced by variation of growth temperature.
MATERIALS AND METHODS
Infecting bacterium and its growth conditions. L. pneutmophila serogroup 1 strain Wadsworth F889 was used as the infecting bacterium. This is a clinical isolate derived from a single bacterial colony and is stable in virulence, as detailed elsewhere (7) . It was stored in suspensions of infected guinea pig lung in skim milk at -70°C. A new vial was thawed for each experiment.
Two different broth media were used to grow strain F889. Buffered charcoal-yeast extract broth (BCYEB) was used to grow the bacterium from the skim milk vial, as this organism will not grow from the frozen state in broth devoid of charcoal (6) . Once mid-log-phase growth was obtained, 0.1 ml of the BCYEB was subcultured to buffered yeast extract broth (BYEB), which is sterilized by filter sterilization rather than by autoclaving and is devoid of activated charcoal (6) . The bacteria were again grown to the mid-log phase and then used for the various described studies; all experiments used bacteria grown in identical fashion. Broth volumes were always 10 ml, and the broth was contained in glass test tubes covered with a gas-permeable, water-impermeable cap.
Growth temperatures of 25, 35, or 41°C were used. All incubations were performed in shaking incubators, which were temperature calibrated with a National Bureau of Standards traceable thermometer. The time required to reach the mid-log phase for the first passage was about 90 h for 25°C growth, about 40 h for 35°C growth, and about 27 h for 41°C growth. The second passage required about 48 h at 25°C to achieve mid-log-phase growth and about 20 h for 35 and 41°C incubation. The bacterial cells were short bacilli or coccobacilli at this stage, with fewer than 1% filamentous forms.
Bacterial suspensions were checked for purity by plating on buffered charcoal-yeast extract medium supplemented with alpha-ketoglutarate (BCYE) and on chocolate and blood agar media (6) . Quantitation was performed by duplicate plating of serial 10-fold dilutions on BCYE mediumi; this was incubated at 35°C in air and counted after 4 days of incubation. A Petroff-Hausser chamber was also used to count bacteria and to adjust inocula; viable counts were always used to determine the actual bacterial concentra-tions. Phase-contrast microscopy was used with the counting chamber, and otherwise to assess bacterial morphology.
Animal studies. Male Hartley strain guinea pigs, 300 to 350 g, were used to determine the 50% lethal dose of bacterial strain F889 inoculated intratracheally, as previously described (7) . Briefly, a 0.3-ml volume of bacteria suspended in normal saline was inoculated directly into the trachea with a syringe and needle after aseptic surgical exposure of the trachea under general and local anesthesia. The animal was then shaken while in the upright position to ensure distal distribution of the inoculum. The guinea pig was propped upright on gauze pillows for about 5 (20 to 30°C) sterile phosphatebuffered saline (PBS; 00.1 M, pH 7.4) was used to lavage the lung in 10-ml volumes, with interspersed chest massage, for a total lavage volume of 100 ml. The lavage fluid was collected in two 50-ml sterile plastic centrifuge tubes and chilled in ice. The fluid was then centrifuged at approximately 350 x g for 10 min at 4°C in a swinging-bucket rotor. The supernatant was discarded, and the pellets were gently suspended in 2 ml of cold (4°C) RPMI 1640 medium with L-glutamine, 100 U of penicillin per ml, 100 ,ug of streptomycin per ml, and 10% fetal calf serum (GIBCO Laboratories, Grand Island, N.Y.). The tube contents were pooled and then recentrifuged under the same conditions. The supernatant was discarded, and the cells were resuspended in 2 ml of the same medium. A hemacytometer was used to quantitate the macrophages. About 9 x 106 macrophages were obtained from each animal. The Tables 1 and 2 ). The bacteria-macrophage mixture was shaken at 37°C in 5% CO2 in air for 1 h. Base-line bacterial counts were taken at this time by sampling 100 p.1 and plating 10-fold dilutions on BCYE agar in duplicate. The tissue culture plates were then incubated without shaking for three more days at 35°C in 5% CO2 in air. Daily samples (100 p.) were taken for quantitative cultures. Since no extracellular growth occurs in this system, increases in supernatant bacterial concentration represent growth within the macrophages and subsequent macrophage lysis with release of free bacteria (13) . All experiments were performed in quadruplicate.
Cover slip cultures. Cover slip cultures were incubated with bacteria for 1 h and then washed three times with RPMI 1640. The cover slips were then removed and fixed in 10% Formalin in distilled water for 5 min. They were then rinsed with PBS (0.01 M, pH 7.4), soaked in distilled water for 5 min, and air dried. The cover slips were stained for 30 min with L. pneumophila serogroup 1 antibody conjugated with fluorescein isothiocyanate (Centers for Disease Control, Atlanta, Ga.), diluted one part of antibody in three parts of PBS. The stain was washed off with PBS, after which the cover slips were soaked in PBS for 5 min, rinsed with distilled water briefly, air dried, and mounted on glass slides with pH 9 carbonate-buffered glycerol.
Cover slips were examined by incident light UV fluorescence microscopy with a Leitz Dialux EB20 microscope, 100-W mercury bulb, K2 filter cube, and x 660 magnification. Approximately 400 macrophages were viewed in each cover slip, and the numbers of macrophages with adherent bacteria and the numbers of cell-associated bacteria were counted. Intracellular as well as extracellular bacteria were stained by this method (13, 19 significant difference in viable counts (P = 0.09 by nonpaired t test, with 1 -B = 0.60 for a2 = 0.05). Cell-associated bacteria in first hour. All four experiments showed that more 25°C-grown F889 bacteria were macrophage associated than were 41°C-grown bacteria (Table 2) . Considerable experiment-to-experiment variability was observed in absolute phagocytosis rates, although intraexperimental variability was small. Despite this, the relative phagocytosis ratios were reasonably constant, even over broad ranges in inoculum size. Overall, 7.4% of macrophages had one or more cell-associated bacteria when incubated with 25°C-grown bacteria, compared with 3.4% of macrophages with cell-associated bacteria when incubated with 41°C-grown bacteria (chi square = 77; P < 1 x 10-5).
Significantly more macrophages (10.7%) incubated with 25°C-grown bacteria had more than one cell-associated bacterium than those incubated with 41°C-grown bacteria (4.3%) (P = 0.001 by chi-square analysis). Even when the inoculum of 41°C-grown bacteria was two to five times greater than that of 25°C-grown bacteria, the number of macrophageadherent bacteria was greater with 25°C-grown bacteria. " Ratio of inoculum of 25°C-grown F889 to that of 41°C-grown F889 for a particular experiment; in experiments 1 through 3 the inoculum of 25°C-grown bacteria was approximately 1 x 107 CFU/ml (final concentration), and 5 x 107 CFU/ml were used for experiment 4. b Ratio of mean percentage of macrophages with cell-associated bacteria grown at 25°C to mean percentage of macrophages with cell-associated bacteria grown at 41C.
VOL. 55, 1987 on October 28, 2017 by guest http://iai.asm.org/ Downloaded from (Table 3) . Eleven other monoclonal antibodies showed no differences in their reactions with the same bacteria. Strain F889 was classified as a Pontiac 3a subgroup when grown at 25°C and as a Pontiac 4b subgroup when grown at 41°C. The international standardized panel classified the strain as a Philadelphia subgroup, regardless of its growth temperature.
DISCUSSION
We demonstrated that the same strain of L. pneumophila varies in virulence when grown at different temperatures. Bacteria grown at 25°C were about fivefold more virulent for guinea pigs than those grown at 41°C. This difference was maintained qualitatively when the bacteria were grown in alveolar macrophages and may be explained by greater initial adherence or uptake of the 25°C-grown bacteria. We detected slight changes in cell surface markers, although whether these changes cause alterations in virulence is unknown.
Slopes of the cumulative fatality rate versus log10 dose curves for the 25°C-and 41°C-grown bacteria were approximately the same, with a difference only in intercept. This implies that the difference in virulence is explained by a relatively early phenomenon, such as initial growth or macrophage uptake. This is supported by our study of macrophage-adherent bacteria after 1 h of incubation, in which about 2.5 times more 25°C-grown bacteria were cell associated than were 41°C-grown bacteria.
Results of the studies of bacterial growth in macrophages are perhaps best understood by greater initial uptake of 25°C-grown bacteria, thus increasing the population of intracellular (and viable) bacteria. The decrease in bacterial count at 24 h postinfection may represent die off of extracellular bacteria, which will not grow extracellularly in this experimental system (10, 13, 19) .
It is unlikely that the enhanced virulence of 25°C-grown bacteria is due to differences in growth lag phase or roughto-smooth dissociation. When strain F889 is grown in broth at 25, 35, or (26) . Nonreactivity of Oxford monoclonal antibodies W29 and JR5 with strain F889 grown at 25°C is similar to the reactivity pattern found with the majority of clinical strains in the Pontiac subgroup that are isolated in the United Kingdom (23, 27) . It is possible that such nonreacting strains are more likely to cause disease in humans. Nonreactivity with monoclonal antibody type MAB2, which is equivalent to the Oxford Pontiac subgroup, was not noted in this study (23) pneumophila would be more virulent when grown at 41°C than at 25°C, and our finding to the contrary was surprising. Several possibilities exist to explain this discrepancy. One is that there are temperature gradients in legionella amplifiers and disseminators and that subpopulations of different virulence exist within any one system. Temperature gradients are well-recognized phenomena in hot water heaters, in hot water lines, and at distal plumbing fixtures (12, 15, 25) . Another possibility is that our perception of elevated (>25°C) water temperature as a risk factor for Legionnaires disease is incorrect. It is true that hot water systems hotter than 60°C are unlikely to contain L. pneumophila, but it is also true that many environmental legionellae are found at temperatures ranging from 25 to 35°C (5, 11, 22) and that L. pneumophila multiplies and survives in 25°C tap water (24) . However, the most likely possibility is that growth of L. pneumophila in BYEB at 25°C is more representative of the restricted growth requirements found in the environment, where doubling times are measured in days and not hours (9, 24) . Work reported by others using a different, but 
